Introduction
The DiGeorge anomaly (DGA) results from failure of normal third and fourth pharyngeal pouch development, leading to absence or hypoplasia of the parathyroid glands, conotruncal anomalies, and thymic hypoplasia or aplasia, causing variable T lymphocyte deficiency. DGA, also known as DiGeorge syndrome, can occur as a part of several entities of which 22q11 microdeletion hemizygosity is the most common with an incidence of 1 in 3000 to 4000 live births. It is also described in other chromosomal abnormalities, including CHARGE syndrome (colobomas, heart malformations, atresia of the choanae, retarded growth and development, genital abnormalities, and ear anomalies) 1 and as a complication of diabetic embryopathy. 2, 3 The phenotype of patients with DGA may vary widely. 4 Less than 1% of patients present with complete athymia leading to a life-threatening T lymphocyte defect with a T Ϫ B ϩ NK ϩ severe combined immunodeficiency (SCID) phenotype (complete DiGeorge anomaly [cDGA] ). 4 In typical forms of cDGA, T lymphocytes are absent or present in extremely low numbers (Ͻ 50 CD3 ϩ cells/mm 3 ), and there is an absent or very low proliferative response to mitogens such as phytohemagglutinin. In atypical forms of cDGA, characterized by oligoclonal peripheral T lymphocyte expansion, often associated with erythroderma and lymphadenopathy, the diagnosis is based on a lack of naive T lymphocytes (Ͻ 50 CD3 ϩ CD45RA ϩ CD62L ϩ cells/mm 3 ), indicating absence of recent thymic emigrants. 5 Patients with cDGA present a therapeutic challenge. In contrast to patients with other forms of SCID, the absence of T lymphocytes is the result of a lack of thymic environment rather than an intrinsic hematopoietic defect. 6 Thus, patients treated with bone marrow transplantation can achieve peripheral engraftment of post-thymic donor T lymphocytes but do not demonstrate ongoing T-cell lymphopoiesis. Adoptive transfer of cells of hematopoietic origin, achieving long-term survival of the patient, has been published in a few case reports only, including the use of bone marrow in 5 patients, [7] [8] [9] [10] [11] cord blood in one, 12 and peripheral blood lymphocyte (PBL) infusion in 4. [13] [14] [15] [16] Reports of the use of thymus transplantation in athymic infants has shown very promising results initially using fetal tissue 17, 18 and more recently postnatal infant thymuses. 1, 19 As the current literature reports only individual cases and publication bias was suspected, we performed a retrospective, worldwide, questionnairebased survey on outcome of cDGA patients transplanted with cells of hematopoietic origin.
Methods

Data collection
Centers in Europe known to have performed hematopoietic cell transplantation (HCT) for T lymphocyte deficiency in patients with cDGA were identified through the Stem Cell Transplantation for Immunodeficiencies in Europe registry in Paris; other centers were contacted based on a literature search of published case reports and through personal communication. Data from a detailed survey questionnaire were obtained on 17 patients transplanted in 10 centers in 4 European countries, Canada, Japan, and the United States, between 1995 and 2006 with follow-up between 2 months and 12 years (median, 13 months). Partial data from 9 of these 17 patients have been previously published in individual reports. 6, 8, 10, 11, [14] [15] [16] 20 
Patient characteristics
Characteristics of the 17 patients based on data from the questionnaires are shown in Table 1 . All had features consistent with cDGA (T Ϫ B ϩ NK ϩ SCID phenotype). Absence of thymus was demonstrated by chest radiograph (patients 4, 7, and 16), nuclear magnetic resonance imaging (patient 13), ultrasound (patient 9), or by direct inspection at surgery (patients 5 and 8). More than one method was used for some patients. At presentation, the T lymphocytes were absent (Ͻ 50 CD3 ϩ cells/mm 3 ) in 14 patients; in 3 (patients 9, 11, and 16), 142, 70, and 150 T lymphocytes/mm 3 , respectively, were detected, but no cells of naive (CD45RA ϩ ) phenotype. More specific markers for recent thymic emigrants (T lymphocyte receptor excision circles [TRECs] or CD45RA ϩ /CD62L ϩ ) were missing in all 3 of the patients tested (patients 6-8). Maternofetal engraftment was not detected in any of the cases. Lymphocyte proliferative response to phytohemagglutinin (PHA) was absent where tested (patients 3, 5-15, and 17). In 8 patients (patients 3, 9, 10, and 13-17) pretransplantation expansion of T lymphocytes was documented; in the 3 patients studied (patients 9, 10, and 14), oligoclonality of T lymphocytes was demonstrated through T-cell receptor-␤ chain family analysis. Omenn syndrome-like symptoms consistent with atypical cDGA 5, 6 occurred in 3 cases (patients 9, 11, and 14). A high titer of antithyroid autoantibodies was present in one case (patient 11). Males predominated in the cohort (82%); 8 patients were hemizygous for deletion at 22q11.2 locus. Seven patients had a phenotype consistent with CHARGE syndrome; in 5 of 6 tested, a mutation in CHD7 was found. In one patient, the molecular defect has unclear significance as it is outside the normal genetic region affected in CHARGE syndrome and the mother has the same genotype with no clinical correlate.
In the pretransplantation period, 10 patients had significant infections resulting from Pseudomonas spp. (4), Bacillus cereus (1), Enterobacter spp.
(1), Enterococcus faecium (1), Rhodococcus equi (1), Stenotrophomonas maltophilia (1), Acinetobacter (1), echovirus (1), cytomegalovirus (CMV; 2), rotavirus (1), parainfluenza (2), and Candida (2). Some patients experienced infection with more than one organism. Infection with Pneumocystis jiroveci was not reported.
Transplantation
Donor and recipient human leukocyte antigen (HLA) matching was determined by serology and/or molecular analysis. Serologic methods were used for the earlier patients and low-resolution class I with high-resolution class II molecular DNA typing in the more recent patients; methods were dependent on each center's practice.
Seven patients had HLA-identical sibling donors: 2 received unmanipulated marrow and 5 PBL. Seven patients received grafts from unrelated donors (6 bone marrow, one PBL) of which 6 were full (10 of 10) matches and one was mismatched at the HLA-B locus. Two patients received phenotypically matched parental hematopoietic stem cells, one T lymphocyte-depleted bone marrow, and one B lymphocyte-depleted PBL. Cord blood from a matched unrelated donor was used in one patient.
Transplantation data are outlined (Table 2) . Median age at transplantation was 5 months (range, 2-53 months). Four patients received serotherapy resulting from the presence of residual T lymphocytes: alemtuzumab (2), rabbit antithymocyte globulin (one), and anti-CD3 (one). One patient received fludarabine, and the remainder received no pretransplantation conditioning. One patient who was retransplanted received busulfan and cyclophosphamide before the second procedure.
For graft-versus-host disease (GVHD) prophylaxis, 11 patients received cyclosporin A, of whom 2 also received methotrexate and 2 mycophenolate mofetil. One patient additionally received methylprednisolone. Six patients receiving HLA-matched grafts did not receive any GVHD prophylaxis.
All patients were isolated in high-efficiency particulate air-filtered or laminar flow facilities.
Statistical analysis
The 2 and t tests were used for statistical analysis of patients' outcome; a P value of .05 or less was considered significant. Analyses were performed using Statistica (Version 7.1, StatSoft).
Results
Engraftment and immune reconstitution
Twelve patients (patients 1, 4-6, 9, and 11-17) showed evidence of T-cell engraftment after a single procedure (Table 3 ). In 2 patients (patient 15 who received fludarabine conditioning and patient 17 in whom there was no conditioning), there was evidence of some additional myeloid engraftment.
The remaining 5 patients (patients 2, 3, 7, 8, and 10) did not achieve T-cell engraftment after a single procedure. Patient 7 (who received a haploidentical T cell-depleted graft) continued to lack T lymphocytes and died of respiratory failure. In the remaining 4 patients, further procedures with PBL or marrow were undertaken. T-cell engraftment was achieved in 3 patients (patients 2, 3, and 8), follow-up data are lacking in patient 10. Patient 3 received busulfan and cyclophosphamide preconditioning, and full donor engraftment was achieved.
Two other patients (patients 1 and 12) received planned repeated graft infusions despite showing evidence of T-cell engraftment after the initial treatment.
The median T lymphocyte count achieved in engrafted patients was 574 cells/mm 3 (range, 0-1342 cells/mm 3 ). TRECs or their equivalents were absent in the 7 patients in whom they were sought. In a further 3 patients, absent or very low numbers of CD4 ϩ CD45RA ϩ T lymphocytes were documented. Patient 3 showed an increasing proportion of naive autologous T lymphocytes to a level of 25% of CD4 cells. Seven of 14 patients with data available had an inverted CD4 ϩ /CD8 ϩ ratio (Ͻ 1.0) after transplantation. A normal lymphocyte proliferation response to phytohemagglutinin was found in all patients tested (Table 3) .
Infection after transplantation
Most infectious complications were viral (Table 2 ), but bacterial infections were significant in some patients. Patient 13 had pneumonia and sepsis, multiple organisms were isolated, including coagulase-negative Staphylococcus spp, Escherichia coli, Candida albicans, and C parapsilosis. Patient 15 was infected with Bordetella pertussis. Patient 6 had significant infection with Streptococcus spp. No patient had fungal infection. Viral infections predating transplantation were present in 6 cases (2 CMV, 2 parainfluenza, 1 rotavirus, 1 echovirus). Only 2 of these survived in the long-term (one with CMV and one with parainfluenza), although the viruses were not always the main cause of death. One case (patient 5) developed CMV infection after transplantation with fatal outcome, 2 developed Epstein-Barr virus infection (1 survived), and 1 developed human herpesvirus 6 (died). ToF indicates tetralogy of Fallot; AVSD, atrioventricular septal defect; VSD, ventricular septal defect; ASD, atrial septal defect; PDA, patent ductus arteriosus; FOA, foramen ovale apertum; PMR, psychomotor retardation; GER, gastroesophageal reflux; VUR, vesicoureteral reflux; CXR, chest x-ray; US, ultrasound; CT, computed tomography; MRI, magnetic resonance imaging; NA, not available; and ND, not done.
*The mutation found is outside the typical region; the mother of the child bears the same mutation with no clinical correlate. †Autologous expansion of T cells. ‡Deletion at 10p excluded.
HCT Only 2 patients experienced no significant adverse events. Patient 1 experienced transitory marrow suppression, and mild arthritis and cellulitis were seen in patient 2. Significant acute GVHD (grades 2-4) occurred in 9 patients, in 4 the condition became chronic, and in 2 it was associated with death. Circulatory instability contributed to death in 3 patients, related to cardiac surgery in 2. Patient 14 died of hypertrophic cardiomyopathy and pneumopathy associated with suspected pulmonary GVHD. Patient 15 died with biopsy-proven pulmonary veno-occlusive disease, associated with acute renal failure.
Outcome
Median follow-up was 13 months (range, 2 months to 11.5 years). Seven patients (41%) are alive and well with a median follow-up of 5 years, 10 months (range, 4-11.5 years). The 10 deaths (59%) occurred at a median of 7 months after transplantation (range, 2-18 months). In 5 patients, death was the result of cardiorespiratory failure (3 of these deaths occurred in association with cardiac or lung surgery). Two patients died of pneumopathy and chronic GVHD, and 2 of severe viral pneumonitis (CMV, parainfluenza). One patient died unexpectedly at home of unknown cause.
Comparison of survivors and nonsurvivors is shown (Table 4 ). Absence of conditioning and graft from matched sibling donor were the only parameters significantly associated with survival. There were no differences in incidence of severe posttransplantation infections or GVHD between patients receiving marrow or PBL. 
Discussion
The data presented here represent the largest cohort of patients with cDGA phenotype treated with HCT for severe immunodeficiency. With a further 9 patients reported in the literature 7, 9, 12, 13, 21, 22 (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), details of 26 transplanted patients are available.
The overall survival (Figure 1 ) in the survey cohort was 41% with median follow-up of almost 6 years. If the previously published patients are also included, the survival increases to 50% 
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with median follow-up of 8.5 years (range, 4-24 years). This mortality rate is probably skewed by the fact that infants with DGA have multisystem problems associated with the underlying disorder; 5 patients died of such complications, generally associated with cardiorespiratory failure. Four patients died of complications related to GVHD or engraftment pneumonitis (15%), 2 patients died of severe infection, and in 2 patients the cause of death is unknown. The incidence of GVHD was similar to other published series of HCT for SCID 23, 24 ; 6 of 17 (35%) in this series had acute GVHD of gut, liver, or lung grade 2 to 4, and a further 2 had grade 2 skin acute GVHD. Fifteen percent had chronic GVHD. However, there is an impression that GVHD in cDGA patients is more severe, or chronic than expected, given that most have had no chemotherapeutic cytoreduction before transplantation, and that the majority of donors are well matched. There are a number of possible reasons for this. First, the underlying condition may predispose to chronically inflamed tissue acting as a substrate for GVHD, for instance, lung inflammation secondary to gastroesophageal reflux and pulmonary aspiration. Second, an absence of thymus-derived regulatory T cells may predispose to prolonged and severe GVHD. Third, the reaction could be related to homeostatic expansion of donor T cells as no new T lymphopoiesis takes place in complete athymic DGA or CHARGE syndrome. Given this increased risk of severe or chronic GVHD, all patients should receive appropriate prophylaxis, including those with HLA-identical matches, and this should be cautiously discontinued, as preexisting inflammation resolves.
The failure of new lymphopoiesis may also explain the poor outcome of patients presenting with preexisting viral infection, with only 2 of 6 surviving, compared with an overall survival of 59% for patients with severe combined immunodeficiency, even after haplo-identical transplantation, in the European series. 25 Given that there will be no thymopoiesis and that B lymphocytes from DiGeorge/CHARGE patients have potentially normal function, there is no advantage to engraftment of stem cell progenitors, and so conditioning is not necessary in the majority of cases; indeed, conditioning was associated with a significantly higher mortality in this series. The exceptions may be those patients with atypical cDGA or maternal T lymphocyte engraftment, in whom some form of anti-T lymphocyte serotherapy may be required before transplantation. Although the use of marrow or PBL as source of T cells did not affect the outcome, use of PBL is more rational as adoptive transfer of mature T cells is the key principle of this procedure. Certainly, administration of T cell-depleted marrow should be strongly discouraged. On the other hand, use of matched sibling donor transplantations had a significantly better outcome than unrelated donor and cord blood transplantations. In the combined survey/ published data, survival after unrelated donor PBL or marrow transplantations was only 3 of 9 and for unrelated donor cord blood was 1 of 3. Combining survey data on matched sibling donors with the literature gives an overall survival of 8 of 13 (62%). Because immune reconstitution in this condition depends on engraftment of long-lived postthymic memory T cells the choice of cord blood may not be ideal because of the antigenic naivete of the donor.
Most patients who survived long-term remain clinically well/ stable without frequent infections, although 2 in the literature survey were reported as having recurrent severe infections (patients 19 and 26). 9, 21, 22 Humoral immune function in survivors is good, with only 2 of 7 of the survivors in the survey group requiring immunoglobulin treatment (data not available from the literature group) and good antibody responses to protein or conjugate vaccines when tested. No data were available on polysaccharide antibody responses. Information on T cell-mediated immune function was not complete; where tested, there were relatively low numbers of CD3 ϩ and CD4 ϩ cells in most cases, an absence of naive T cells, and skewed T lymphocyte receptor repertoire. Long-term follow-up data from a recent large series of patients with other forms of SCID who have undergone HCT suggest that patients with low CD4 counts (present in all but one of the evaluable survivors in the present series) but not naive CD4 cells were significantly more probable to have complications, including infections, autoimmune inflammatory complications, and nutritional problems, than those with normal counts. 26 This suggests that these patients may remain at risk of late complications, particularly if cell numbers decline with time.
One patient who had late unexplained death (patient 3) did produce significant numbers of CD4 ϩ CD45RA ϩ cells. It is not clear whether these were true thymic emigrants as neither TRECs analysis nor CD45RA/CD62L analysis was available. If these were true thymic emigrants, then it suggests that the patient did not have a truly complete form of DGA as suggested by the authors in a published report of this case. 8 Recent experience of transplantation of cultured thymic epithelium in patients with cDGA has shown promising results, with good immune reconstitution, including normal T-cell receptor repertoire diversity and the ongoing presence of recent thymic emigrants. 2 GVHD was not seen. Survival with a median follow-up period of 3 years and 10 months was 75%. Most deaths were associated with chronic lung disease or viral infections, both predating the transplantation. Approximately one-third of the survivors developed autoimmune disease, mostly affecting the thyroid gland. It has been pointed out that patient selection in this study meant that those patients with the most severe comorbidities were not offered the therapy. 17 Nevertheless, the results compare favorably with the outcome from our survey both in terms of survival and quality of immune reconstitution. Currently, thymic transplantation requires specialized facilities for thymus culture and is only available in 2 centers in the world, thus limiting its availability.
Although the data collected in this retrospective study are incomplete, and the numbers of cases in subcategories small, some tentative conclusions can be drawn. Where a well-matched sibling donor is available, infusion of peripheral lymphocytes can be considered without preconditioning, and early before end-stage organ damage occurs or worsens. Prophylactic GVHD treatment should be given, and cautiously withdrawn as any preexisting inflammation resolves. However, in a relatively well child without any infections, the survival after thymic transplantation is at least as good (75% vs 62%, although the patients were preselected) and immune reconstitution superior. Thus, for other patients, the feasibility of thymic transplantation should be considered.
